Aim/hypothesis: The aim of this study was to investigate mitochondrial function, fibre-type distribution and substrate oxidation during exercise in arm and leg muscles in male postobese (PO), obese (O) and age-and body mass index (BMI)-matched control (C) subjects. The hypothesis of the study was that fat oxidation during exercise might be differentially preserved in leg and arm muscles after weight loss. Methods: Indirect calorimetry was used to calculate fat and carbohydrate oxidation during both progressive arm-cranking and leg-cycling exercises. Muscle biopsy samples were obtained from musculus deltoideus (m. deltoideus) and m. vastus lateralis muscles. Fibre-type composition, enzyme activity and O 2 flux capacity of saponin-permeabilized muscle fibres were measured, the latter by high-resolution respirometry. Results: During the graded exercise tests, peak fat oxidation during leg cycling and the relative workload at which it occurred (FatMax) were higher in PO and O than in C. During arm cranking, peak fat oxidation was higher in O than in C, and FatMax was higher in O than in PO and C. Similar fibre-type composition was found between groups. Plasma adiponectin was higher in PO than in C and O, and plasma leptin was higher in O than in PO and C. Conclusions: In O subjects, maximal fat oxidation during exercise and the eliciting relative exercise intensity are increased. This is associated with higher intramuscular triglyceride levels and higher resting non esterified fatty acid (NEFA) concentrations, but not with differences in fibre-type composition, mitochondrial function or muscle enzyme levels compared with Cs. In PO subjects, the changes in fat oxidation are preserved during leg, but not during arm, exercise.
Introduction
The prevalence of obesity is increasing worldwide, and most often this is ascribed to unfavorable changes in lifestyle towards an unhealthy diet and an inadequate physical activity level. Decreased physical activity may lead to reduced fat oxidative capacity. 1 In fact, there seems to be a consensus or almost a paradigm that obesity is accompanied by an impaired ability to oxidize fat during exercise, [2] [3] [4] [5] [6] although not all studies demonstrate this. 7, 8 In line with this notion, there is evidence that mitochondrial oxidative capacity is decreased in skeletal muscle of O 9 and type 2 diabetic individuals, [10] [11] [12] although not all agree. 13 In sedentary O subjects, a moderate weight loss accompanied by an improved aerobic capacity leads to a normalization of mitochondrial oxidative capacity and insulin resistance.
14 However, when weight loss occurs in the absence of an increase in physical activity level, that is, without improvement in aerobic capacity, insulin resistance is normalized, 2, 15 but muscle oxidative capacity remains unaltered. 5, 16 In a previous study, a decreased muscle b-hydroxy-acyl-CoA-dehydrogenase (HAD) activity was observed in postobese (PO) subjects, 17 but it is not known whether the obesity-induced attenuation of fat oxidation and/or mitochondrial oxidative capacity is normalized after persistent long-term weight loss. In literature, the majority of studies report data on leg muscle, but recent studies have demonstrated higher glucose clearance in arm compared with leg muscle in patients with type 2 diabetes 18 and those with hypertension. 19 Furthermore, there is some evidence of heterogeneity in limb fatty acid (FA) kinetics in patients with type 2 diabetes compared with controls (C), 20 implying that arm muscle may be metabolically different from leg muscle. In a recent study, we demonstrated that maximal fat oxidation (MFO) was lower during exercise with the arms than with the legs in type 2 diabetics and in lean and O controls. 13 However, in O individuals, MFO occurred at similar exercise intensity during leg and arm cycling, whereas in type 2 diabetics and lean Cs, the exercise intensity at MFO was lower during arm exercise. 13 Thus, in this study, we investigated MFO in male O, PO and matched C subjects during graded ergometer exercise performed either only with the upper body (UB, arm cranking) or only with the lower extremities. In addition, we aimed at determining whether regional metabolic differences could be explained by differences in muscle fibre composition, enzymatic activity of b-hydroxy-acyl-CoAdehydrogenase and basal AMP-activated protein kinase (AMPK) phosphorylation or acetyl-CoA carboxylase (ACC) phosphorylation. The underlying hypothesis was that, in former O subjects, the oxidative capacity in the muscle is not fully normalized after a persistent long-term weight loss.
Methods

Subjects
Thirty young male subjects participated in the study. Subjects were fully informed of the nature and the possible risks associated with the study before they volunteered to participate. The study was approved by the Copenhagen Ethics Committee (KF 01 304792) and the experiments conformed to The Declaration of Helsinki.
Experimental protocol
Initially, subjects were recruited into three groups: PO, obese (O) and control (C). The inclusion criteria for the PO group were as follows: (1) body mass index (BMI) levels lower than 30 kg m À2 ; (2) weight loss through nonpharmacological or surgical therapies of at least 10% of their body weight (on an average, the weight loss was 26% (range 15-37%)); and (3) weight stability at the time of the study (±2 kg for at least 1 month before the beginning of the experiments). The weight loss of PO subjects had on an average occurred 6 ± 1 years earlier (range 1-10 years). Intentionally, the three groups were matched by age and, in addition, the C and PO groups were also matched by BMI. However, after recruitment, the groups turned out to have similar height, lean body mass and maximal oxygen uptake (VO 2max ), expressed both in absolute terms (l min À1 ) and relative to lean body mass (litre per kg of LBM per min). Subjects reported to the laboratory on 3 days over a 3-week period and the order of the experiments performed during the last 2 days was randomized. Subjects were instructed not to engage in vigorous physical activity on the day before each test day and also to consume their normal diet avoiding excess alcohol and tobacco consumption.
On each of the experimental days, subjects presented themselves after fasting overnight and, after 15 min of rest, their height and weight were measured. On the first experimental day, subjects underwent a standard 120-min oral glucose tolerance test, ingesting 75 g of glucose dissolved in 300 ml water. Capillary blood was sampled before and after the oral glucose tolerance test for measurement of plasma glucose concentrations (ABL, series 700; Radiometer, Copenhagen, Denmark). Body composition was determined using dual-energy X-ray absorptiometry scanning using a Lunar Prodigy Advance bone densitometer (Lunar Corporation, Madison, WI, USA). Finally, a graded incremental exercise protocol was used to establish VO 2max on a normal cycle ergometer (Ergometrics 800, Jaeger, Würzburg, Germany). Habitual daily physical activity levels were assessed by the short version of the International Physical Activity Questionnaire to which some additional questions on specific exercise habits were added.
On one day, participants rested for 20 min in a supine position and a needle biopsy sample 21 from musculus deltoideus (m. deltoideus) was obtained by suction. Subjects then performed a graded cycle ergometer exercise test to determine MFO, and the intensity at which MFO occurred (FatMax). This test has been described in detail elsewhere. 22 On another day, participants again rested in a supine position and a needle biopsy sample from m. vastus lateralis was obtained. Subjects then performed a graded arm-crank exercise protocol using an electrically braked arm ergometer (Lode Angio, Groningen, The Netherlands). The test commenced at 20 Watts for 5 min, followed by 15 Watt increments every 3 min. When subjects reached respiratory exchange ratio 41.0, the exercise was stopped at the end of the corresponding 3 min period. Thereafter, subjects rested for 5 min. Subsequently, exercise was started at the last load performed and then increments of 15 Watts were added every minute until voluntary exhaustion. Subjects were instructed to maintain a cranking rate of 60 r.p.m. There is evidence that continuous and discontinuous VO 2max protocols using UB will lead to comparable results. 23 The design of the graded exercise protocol for UB was adapted from the protocol published by Smith et al. 24 However, minor changes were incorporated to expand the part of the test where the respiratory exchange ratio was by an open circuit ventilated hood system (Oxycon Pro; Jaeger, Würzburg, Germany). Thereafter, a venous blood sample was obtained. The same online system was used to measure pulmonary oxygen uptake (VO 2 ) and carbon dioxide excretion (VCO 2 ) during UB, as well as normal lower body bicycle exercise on the 2 last experimental days.
Analytical procedures
Blood was transferred into tubes containing 0.3 M EDTA (10 mg ml -1 blood) and immediately centrifuged at 4 1C for 10 min. A small fraction of the blood was transferred into tubes containing ethylene glycol tetraacetic acid, which was later used for determination of insulin concentrations. Plasma was stored at À80 1C until analysis. Plasma insulin was determined using a radioimmunoassay kit (Insulin RIA100, Pharmacia, Uppsala, Sweden). Plasma glucose was analysed using a conventional commercially available assay on an automated analyser (Hitachi, 612 Automatic Analyzer, Roche, Switzerland). Plasma NEFA was measured using a Wako NEFA-C test kit (Wako Chemical, Neuss, Germany) and the analysis was performed on an automatic analyser (Hitachi, 612 Automatic Analyzer). Blood glycosylated haemoglobin was analysed on a Bayer DCA 2000 þ (Bayer Healthcare, Elkhart, IN, USA) using a latex immunoagglutination inhibition method. Plasma adiponectin, leptin and interleukin-8 were measured using specific high-sensitive human ELISA kits. The adiponectin assay (Linco Research, St Charles, MO, USA) had an intra-assay coefficient of variation of 3.9%. The leptin assay (R&D Systems, Minneapolis, MN, USA) had an intra-assay coefficient of variation of 3.2%. The interleukin-8 assay (R&D Systems) had an intra-assay coefficient of variation of 3.2%. Muscle biopsy samples were divided into three parts: one part was frozen directly in liquid nitrogen within 15 s after sampling, another part was mounted in a mounting medium and frozen in isopentane cooled by liquid nitrogen and the last part was put into a BIOPS (see Kutnesove 25 ) solution 25 and immediately analysed for mitochondrial function. 13 The first two parts were stored at À80 1C until further analysis. For histochemical analysis, the mounted part of the biopsy specimens was cut into serial transverse sections (10 mm) in a cryostat. The sections were stained for myofibrillar ATPase 26 and for muscle capillaries. 27 Subsequently, fibre-type composition, fibre size and capillary density were determined using a computerized quantification system (Tema Scanbeam, Hadsund, Denmark 28, 27 ). For each biopsy, an average of 150 ± 12 fibres were analysed. In each biopsy, only a small number of type IC and type IIAX fibres were distinguished, and these were therefore pooled into type IIA and type IIX fibres, respectively.
Before biochemical analysis, the directly frozen parts of the muscle biopsy samples were freeze-dried and dissected free of connective tissue, visible fat and blood using a stereomicroscope. Both in arm and leg muscle samples, the maximal activity of HAD and citrate synthase (CS) was determined fluorometrically as described previously. 29 Hormone-sensitive lipase (HSL) activity was assayed as previously described, 30 but only in leg muscle because of limited availability of arm muscle tissue. The muscle glycogen and triacylglycerol content was measured enzymatically, as described previously. 31 
Mitochondrial respiration protocol
We applied a protocol that is a slightly modified version 13 of a detailed description given elsewhere. 25 In brief, mitochondrial function is assessed in saponin-permeabilized muscle fibres using sequential additions of substrates and inhibitors to assess the respiratory capacity of the various steps in the mitochondrial respiratory chain. Mitochondrial respiration analysis was performed only in leg muscle because of limited availability of arm muscle tissue.
Western blot analysis
Muscle protein extracts were prepared as described previously 32 and total protein content was quantified using the bicinchoninic acid assay. 33 Equal protein amounts (50 mg) of each sample were electrophoresed on a 7.5-10% SDS-polyacrylamide gel and transferred to Hybond-P membranes. 34 To detect suppressor of cytokine signaling-3 (SOCS3) protein expression, membranes were incubated with a rabbit polyclonal-specific anti-human SOCS3 antibody (Santa Cruz Biotechnology, Santa Cruz, CA, USA). To control for differences in loading and transfer efficiency across membranes, an antibody directed against a-tubulin was used to hybridize on the same samples (Biosigma, Madrid, Spain). To detect Thr 172 -phosphorylated-AMPKa and Ser
221
-phosphorylated-ACCb, specific polyclonal antibodies directed against the phosphorylated and total forms of these kinases were used (Cell Signaling Technology, Barcelona, Spain). Specific bands were visualized with the ECL chemiluminiscence kit, the ChemiDoc XRS system (Bio-Rad Laboratories), and analysed with the image analysis program Quantity one (Bio-Rad Laboratories, Hemel Hempstead, Hertfordshire, UK). Data are reported as the band intensity of immunostaining values (arbitrary units) obtained for SOCS3, relative to those obtained for a-tubulin, or as arbitrary units of band density obtained for the phosphorylated form of AMPKa and ACCb, relative to those obtained for the total AMPKa and ACCb forms, respectively.
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Calculations
Whole-body fat and glucose oxidation were calculated from VO 2 and VCO 2 values during the last 60 s of each exercise step in the graded exercise tests, using standard indirect calorimetry equations. 35 It is assumed that protein oxidation is similar and small during exercise in the three groups studied. For each subject, polynomial curve fitting was used to determine whole-body peak fat oxidation. Resting metabolic rate was averaged over a minimum of 5 min. Resting energy expenditure was calculated according to the formula of Weir. 36 Delta efficiency was calculated as previously described. 37 The homeostasis model analysis index was calculated as originally described by Matthews et al. 38 as fasting insulin concentration (mU ml
The short, interviewer-administered International Physical Activity Questionnaire identifies the frequency and duration of moderate and vigorous leisure time physical activity, walking physical activity and inactivity during the past week. Total energy expenditures (kcal day À1 ) were calculated from the International Physical Activity Questionnaire according to guidelines. 39 
Statistics
Results are presented as means ± s.e.m, if not otherwise stated. One-way and two-way analyses of variance with repeated measures for time factor were performed. In all cases, two-tailed testing was applied and Po0.05 was used as the level of significance. Statistical analysis was performed using Sigma Stat 3.1 (Sigmastat, SPSS, Erkrath, Germany).
Results
Body composition, VO 2max , physical activity and energy expenditure Age, height, lean body mass and VO 2max for both UB and lower body were similar in the three groups (Table 1) . According to the study design, body weight, body fat and BMI were higher (Po0.05) in O compared with the other groups, but similar between PO and C ( Table 1) .
At rest, energy expenditure was significantly higher in O compared with PO and C, but the respiratory exchange ratio was similar between the groups (Table 1) . PO reported significantly higher total energy expenditure than O and C (Table 1) ; however, despite this, there were no significant differences between groups in the individual components, that is, in vigorous or moderate physical activity or in the time spent walking or sitting (data not shown). and insulin concentrations (89.5±10.2, 47.6±7.8, 39.7 ± 6.9 pmol l À1 in O, C and PO, respectively) were significantly higher in O than in the two other groups. As a consequence, the calculated homeostasis model analysis index was significantly higher in O than in the other groups (21.9 ± 2.6, 10.6 ± 1.6 and 8.8 ± 1.6 in O, C and PO, During the arm cranking exercise, the estimated fat oxidation rates were significantly higher in O than in C and PO at exercise intensities above 40% of VO 2 armpeak. The delta efficiency during arm cranking was similar in the three groups (19.7 ± 0.4, 20.9 ± 1.1 and 19.1 ± 1.0% in O, C and PO, respectively).
Muscle fibre types and metabolic enzymes
The relative content of type I, IIA and IIX fibres was similar in the leg (m. vastus lateralis) and arm (m. deltoideus) muscles, as well as between groups (Table 2 ). There were no significant differences in either fibre-type area or capillarization between groups in either arm or leg muscles (Table 2) . In m. vastus lateralis, CS activity was not significantly different between groups, whereas in m. deltoideus, CS activity was (Table 2 ). In the three groups, CS activity was lower (Po0.05) in the arm than in the leg muscles (Table 2) .
There was no between-group differences in arm or leg muscle HAD activity; however, in O and C, HAD activity was lower (Po0.05) in m. deltoideus than in m. vastus lateralis ( Table 2 ). The three groups had similar HSL activity in m. vastus lateralis ( Table 2 ). Muscle glycogen stores were similar in arm and leg muscles in the three groups (Table 2) . In m. vastus lateralis, the triacylglycerol content was higher (Po0.05) in O than in C, and in m. deltoideus, the triacylglycerol content was higher (Po0.05) in O than in PO and C (Table 2) .
Muscle AMPK and ACC phosphorylation and SOCS3 protein expression The three groups had similar basal AMPK phosphorylation levels and SOCS3 protein expression (Table 2 ). In m. vastus lateralis, ACC phosphorylation levels were lower (Po0.05) in O than in PO and C, whereas in m. deltoideus, ACC phosphorylation levels were lower (Po0.05) in C than in O (Table 2) . Moreover, when m. deltoideus was compared with m. vastus lateralis, C had similar AMPK and ACC phosphorylation levels and SOCS3 protein expression, whereas O had significantly lower SOCS3 protein expression and higher AMPK and ACC phosphorylation levels in m. deltoideus than in m. vastus lateralis ( Table 2) . PO individuals had higher AMPK and ACC phosphorylation levels but not SOCS3 protein expression in m. deltoideus compared with m. vastus lateralis ( Table 2 ). In m. vastus lateralis, there was negative correlation between the level of ACC phosphorylation and triacylglycerol content (R ¼ À0.38, Po0.05), whereas this relationship was not statistically significant in m. deltoideus.
Mitochondrial respiration
The mitochondrial O 2 flux per mg muscle tissue was not different between the three groups. When O 2 flux per mg muscle tissue was normalized for CS activity (index of mitochondrial density), there were no differences in mitochondrial respiration between groups (Figure 3) , although for the normalized maximal coupled state 3 respiration, a trend (P ¼ 0.08) towards a higher respiration in O compared with PO was observed (Figure 3b ). Across all analyses performed, we did not observe any response to the addition of cytochrome c, indicating a preserved integrity of the outer mitochondrial membrane (data not shown).
Discussion
This study demonstrates that O and PO compared with C subjects, matched for lower body VO 2 peak values, have an increased capacity to oxidize fat during leg exercise, and this occurs at a higher relative exercise intensity. Furthermore, the study demonstrates that mitochondrial oxidative capacity was not impaired in O and PO compared with C subjects.
The capacity to oxidize fat in the muscle is determined by several factors such as percentage of type I fibres, mitochondrial density and HAD and HSL enzyme activities. 40, 41 However, in this study, O compared with PO and C subjects had similar muscle fibre type, capillarization, pre-exercise glycogen stores and CS, HAD and HSL activities in the Fat oxidation in obese and postobese I Ara et al m. vastus lateralis. Another mechanism that could facilitate muscle fat oxidation is an increased availability of free fatty acid (FFA). 1 In line with this, we observed increased circulating levels of FFA and augmented intra-muscular triglyceride concentrations in arm and leg muscles, which could explain the enhanced capacity to oxidize fat during both arm cranking and bicycling in the O compared with C subjects. In agreement, Goodpaster et al. 7 reported that total fatty acid oxidation during moderate-intensity exercise tended to be higher in O than in lean men. Furthermore, they demonstrated that the higher fat oxidation in O compared with lean individuals was due to higher oxidation of FAs derived from non-plasma sources, as plasma FA oxidation was similar. 7 It must be highlighted that Goodpaster et al. 7 matched their O and C lean subjects for VO 2max , as we did in this study. Our results also agree with those of Horowitz and Klein, 42 who reported an B25% greater wholebody FA oxidation in O compared with lean women. In line with this, Horowitz and Klein 42 showed that women with abdominal obesity have an increased utilization of intramuscular triglycerides during exercise. In contrast to our results, it has been reported that fat oxidation capacity is reduced in extremely O individuals, even after weight loss. 8, 11, 42 However, in these studies, subjects were not matched for physical fitness and physical activity. Another important finding from this study is that PO subjects with a steady body composition retain an increased capacity to oxidize fat during leg exercise but not during arm exercise when compared with Cs of similar body composition. This increased capacity to oxidize fat during exercise in the PO group was observed despite muscle triglyceride concentration, mitochondrial function and CS, HAD and HSL activities being similar to those of Cs. Thus, the increased capacity to oxidize fat in PO and O individuals is most likely caused by regulatory mechanisms that could involve other lipolytic enzymes such as adipose triglyceride lipase, 43 which may be upregulated in obesity, or by changes in malonyl coenzyme A, an allosteric inhibitor of carnitine palmitoyltransferase-1, the rate-limiting enzyme controlling transfer of long-chain fatty acyl-coenzyme As into the mitochondria for oxidation. 44 An important question raised by this study is why fat oxidation during exercise is only normalized in arm and not leg muscle in PO individuals. One possible explanation is that, in our study, adiponectin levels were 33% higher in PO individuals than in Cs who had similar fat mass. Adiponectin promotes FA oxidation in muscle and liver, 45 and this is primarily mediated by the activation of 5 0 -AMPK. In skeletal muscle cells, AMPK increases FA oxidation by inhibiting ACC through phosphorylation, which reduces intracellular malonyl coenzyme A levels and thereby relieves the inhibition of carnitine palmitoyltransferase-1; this ultimately increases the influx and oxidation of long-chain FAs into the mitochondria. 46 However, in the PO group, resting phosphorylated AMPK and phosphorylated ACC levels were comparable to those observed in the C group, despite higher adiponectin levels, implying that this cannot explain the fact that fat oxidation is not normalized during leg exercise in PO individuals. On the other hand, when levels of these molecules in arm and leg muscles were compared within each group, both PO and O subjects showed disproportionate levels between arm and leg muscle, whereas C subjects had comparable levels. This may reflect the fact that, in the basal situation, the level of phosphorylation of AMPK and ACC could be differently regulated in arm and leg muscle in PO and O individuals compared with C. Moreover, the fact Fat oxidation in obese and postobese I Ara et al that fat oxidation was normalized during arm cranking but not during bicycling implies that local regulatory factors predominate. This also opens up the possibility of a differential regulation of fat oxidation during exercise in arm and leg muscles. The mechanism behind the presence of higher plasma adiponectin levels in PO compared with C subjects with a similar body fat mass is not readily apparent. Although VO 2max is not higher in PO compared with C subjects, the observed higher energy expenditure implies a higher level of daily physical activity, which is known to increase plasma adiponectin levels. 47, 48 Previous studies have reported adipose tissue hyperplasia in the PO state, 49 and it is possible that this may also influence the fasting basal adiponectin levels. In addition to adiponectin, skeletal muscle FA metabolism can also be stimulated acutely by leptin, both in lean rodents and humans. 50, 51 However, the signalling isoform of the leptin receptor is reduced in skeletal muscle of O compared with lean subjects. 9 In theory, reduced leptin sensitivity could influence lipid oxidation during exercise, but this study cannot address this issue. The presence of similar cytokine signalling-3 (SOCS3) in the muscle between groups implies that differences in SOCS3 expression do not seem to contribute to the increased capacity to use fat during exercise in obesity. In skeletal muscle, leptin may downregulate leptin signalling by inducing the protein SOCS3, which blunts JAK2/STAT3-dependent leptin signalling 52 and thereby causes leptin resistance in the muscle. 53 The present findings have several implications. As previously shown by others, [18] [19] [20] our data indicate that muscle metabolism has a non-homogeneous distribution between arms and legs. The fact that, in other populations, arm and leg muscles are different in terms of glucose clearance 18 and also in FA kinetics, with the legs but not the arms being impaired at baseline and during a hyperinsulinemiceuglycaemic clamp, 20 is in line with our findings, in which increased fat oxidation in PO subjects was only observed during leg exercise, but not during arm exercise. Finally, the postulate that impaired muscle mitochondrial function is present in obesity has in the latter years received considerable attention. 54, 55 Menshikova et al. 55 found that fewer mitochondria and a reduced oxidative capacity in skeletal muscle were present in obesity, 55 and a deficiency of electron transport chain activity in subsarcolemmal and intermyofibrillar mitochondria fractions in obesity has been reported by the same group. 56 In contrast, we previously found higher respiration in deltoideus muscle in O compared with lean C subjects, normalized relative to CS activity. 13 In this study, we also found no reduction in mitochondrial respiration in O individuals, supporting the concept that mitochondrial function is not impaired in obesity. Acute weight loss seems to reduce skeletal muscle mitochondrial respiration, 57 but very few data are available in relation to weight loss and mitochondrial respiration in humans. In our study, PO individuals had similar mitochondrial respiration after long-term weight loss as Cs.
There are several causes that could lead to a decreased mitochondrial content, for instance, genetic disposition towards a specific fibre-type composition. However, fibretype distribution was assessed in our study and no differences between groups were present. In conclusion, a major finding in this study was that O individuals exhibited a higher MFO during leg and arm exercise compared with matched Cs. In PO individuals, the higher MFO during leg exercise compared with matched Cs persisted despite weight loss, whereas during arm exercise, MFO was normalized. Surprisingly, and in contrast to our hypothesis, fat oxidative capacity or mitochondrial oxidative capacity was not attenuated in PO individuals. The arm-toleg differences in fat oxidation reported here may reflect the different degree of utilization of the extremities in man and may in future provide a means to bring out the role of daily physical activity in the changes occurring in muscle as a result of obesity and subsequent weight loss.
